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I. Summary of Research Findings

A fluid mechanical problem whichiinvariably faces design and test
engineers is the need to generate flows with controlled characteristics
for the testing of engines, aircraft and helicopter models, turbines and
pumps, special instruments and components, etc. When the tested models are
helicopters, the swirl and downwash from the rotor generate large scale rota-
tional nonuniformities which subside very slowly around the tunnel circuit
and could well contaminate the free stream conditions either directly or
through intermittent separation phenomena. Open throat and open return tunnels
generally have problems with secondary flows and swirls due to the effects of
the surroundings of the tunnel. The research under this grant dealt with the
understanding of principles and with the application of various tc.chniques for
"manipulating" the mean flow and the unsteady flow characteristics in wind
tunnels, channels and ducts, primarily where swirling and secondary flows are
concerned.

Several rotational flows were generated [2]*. These "test flows" have
greatly different rotational characteristics, i.e. different distributions
of angular momentum across the test section, in order to represent & wide
range of typical swirling flows.

Since the rotating component of velocity is of great importance in these
flows, various ways to measure either the tangential velocity or the stream-
wise vorticity were investigated [2]. One particularly useful tool for
measuring the streamwise vorticity 4is the vane vorticity indicator [4].

Utilizing advanced signal processing techniques, these miniature vanes provide

* Numbers in brackets refer to the List of Manuscripts




2.

direct and rapid evaluation of the streamwise vorticity, even in turbulent
flows with high intensities. However, the vanes must be properly calibrated
using flows with known rotational characteristics, as explained in our AIAA
paper (4]. Without these calibration curves, or outside their range of ap-
plication, the vanes can only be used to give an indication of the vorticity
in the flow.

Using the vane-vorticity indicator along with various arrays of hot-
wire anemometers, careful documentation of the test flows was carried out
{2,345]. These flows represented the basic target conditions to be controlled
by inserting various flow manipulators: honeycombs, parallel plates (or
turning vanes), screens, perforated plates, etc. Comparison of the flow
charactaristics downstream of the manipulators to the original "test flows"
provided a measure of the effectiveness of the manipulators as well as clues
to the dominant mechanisms.

The effect of many parameters, such as mesh size in relation to the swirl
size, free stream turbulence level, pressure drop, etc. on the operation of
some standard flow manipulators can be summarized [5] as follows:

a) The effectiveness of a manipulator is reduced as the strength of

the impinging swirl increases, for the same size vortex and the
same free-stream velocity.

b) The reduction in swirl improves as the size of the swirl increases,
for the same strength, as long as the dominant mechanism for reducing
the swirl stays the same.

c) Increasing the free-stream turbulence level or its scale leads to
more lateral diffusion of the swirl downstream of the manipulator.
This enhances the operation of manipulators which do not generate
much turbulence or significantly alter the shape and size of the
swirling flow, as in the case of a screen. On the other hand, it
disrupts the operation of manipulators which generate large amounts
of turbulence, such as honeycombs [1] and perforated plates [7].
These manipulators operate with the aid of the mechanism which breaks
the swirl into several parts that recombine downstream of the manipula-
tor.




d) The pressure drop across the manipulator plays a minor or indirect
role in the control of swirling flows.

e) For manipulators of the same mesh size, the effectiveness decreases
as the solidity increases.

One important finding deals with the ability of achieving the same re-
duction in swirl with two different manipulators under comparable flow con-
ditions. This permits the selection of the "best” manipulator based on other
criteria, such as pressure drop coefficient or favorable turbulence control,
which are usually desirable parameters to optimize.

These conclusions also outline some important considerations, notably
that a manipulator should be scaled to the swirl size so that the mesh is
not too large (which would allow all of the swirling part of the flow to go
through one cell), nor too small (this would break the swirl up into too many
small parts resulting in inefficient operation). The experiments indicate
that a mesh of approximately 20~25Z the width of a concentrated swirl will
give the best performance.

The results for honeycombs were unexpected due to the presence of two
separate mechanisms. All of the honeycombs that were used removed all of the
swirl in each flow condition, although through different mechanisms. Long
honeycombs, which are typical of those traditionally used in wind tunnels, el~
iminate all of the swirl completely within the honeycomb and are examples of
"overkill", i.e., inefficient use of turbulence manipulators with resulting
loss in ov;rull performance. This approach is not very efficient due to the
high pressure drop coefficient of these manipulators. The much more efficient
mechanism of removing the swirl by effective recombination of several large

weakened swirls downstream of the manipulators is present when using

larger mesh honeycombs of short length (less than 4 mesh lengths).




These honeycombs have a much lower pressure drop coefficient and are much
shorter and of larger mesh size than those previously thought necessary for
application to this type of problem.

While certain of these very short length, large mesh honeycombs are
most efficient in removing swirl, the total picture is not that simple.
Perforated plates, screens and grids can be extremely useful in situations
' where turbulence control is a problem, where many scales of swirling flow
exist, or where other basic swirl reduction mechanisms, such as shear at the
wall of the duct, are present. The large mesh honeycombs generate high levels
of nonuniform turbulence [3], and with many sizes of swirl present, swirl
reduction would not be as effective due to the competing mechanisms within
the same manipulator. In addition, other mechanisms may hinder the effect-
iveness of its basic mechanism, such as in presence of rapid lateral dif-
fusion caused by increased background turbulence.

Since recent studies of the control of free stream turbulence [1,7]
show that rotational nonuniformities hinder the reduction of the turbulence,
it is more efficient to work on the swirl first and then the turbulence.
Screens and perforated plates can take advantage of higher background turbulence
for more effective swirl reduction, so that use of either of these in com-
bination with a large mesh honeycomb would be more efficient than using a
longer, smaller mesh honeycomb.

The above information provides many recommendations to the design and
test engineer for manipulation of flows in wind tunnels and ducts. However,
to get further details regarding the mechanisms and turbulence behavior,
more work was done on using hot-wire arrays in complex three dimensional

turbulent flows. The yaw sensitivity of hot-wires, which is required for
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x-wire measurements, was investigated and a further generalization of the
cosine law was developed. The results [8] show that it reduces the errors

in the mean velocity measurements for typical probes by at least a factor
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of three. The relation also leads to a significant correction to the Reynolds
stress and the bi-normal turbulence intensity measured with x-probes. The
effect of various parameters, such as Reynolds number or length to diameter
ratio, on the yaw sensitivity of hot wires was also determined experimentally
with the aid of the present yaw relation. The new relation is better than
all previous relations in reducing errors due to changes in these parameters.
The results also sugge#t that the mean yaw sensitivity of all probes should
be obtained in presence of some background turbulence with spectral content
similar to that of the flow under consideration. In addition, the temperature
sensitivity of hot-wires, which can lead to significant errors in velocity
measurements obtained in non-isothermal flows (e.g., the mixing of streams

of unequal temperatures as in the tangential-jets swirl generator), was in-

vestigated and a technique was developed [9] to compensate for such temperature

changes.
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